
Chapter 5
Biosynthesis of Reserve Starch

Yasunori Nakamura

Abstract Plants have developed two distinct starch biosynthetic systems composed
of over 30 kinds of enzymatic reaction network in photosynthetic and non-
photosynthetic cells. Higher plants have also evolved a process in which cells can
accumulate huge amounts of starch as granules inside the amyloplast of the reserve
organs. Primarily the coordinated expression of several sets of distinct isozymes
with specific enzymatic properties enables plant cells to synthesize starch with
distinct fine structure and form the starch granules with specific semicrystalline
structure, granular morphology, and physicochemical properties in plastids. This
chapter overviews the current status of our understanding of metabolic regulation
of starch biosynthesis in reserve organs by focusing on functions of individual
isozymes examined by numerous in vivo and in vitro studies that have been
performed to reveal how individual isozymes contribute to the synthesis of the
reserve starch. The results raised the high possibility that at least some isozymes
have multiple functions in starch biosynthesis under different conditions depending
on the presence of various glucans and interaction/association with other enzymes.
The features of starch biosynthetic process in plant tissues are also discussed
with emphasis on the biochemical mechanism(s) underlying the coordinate actions
among various enzymes.
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5.1 Introduction

Starch is stored in plastids of essentially all plant tissues and consumed as both
energy and carbon source when required. During photosynthesis plants accumulate
storage compounds mainly in the form of starch and sucrose from CO2 and water.
CO2 is first incorporated into the phosphorylated intermediates in the Calvin-
Benson cycle. Starch and sucrose are synthesized from fructose 6-P (F6P) and
triose-P such as dihydroxyacetone-P or 3-phosphoglycerate (PGA), the Calvin-
Benson cycle intermediates, in the chloroplast and cytosol, respectively. The
phosphorylated intermediates are also used for the biosynthesis of other com-
pounds such as proteins, lipids, nucleic acids, and other polysaccharides. ATP
and NAD(P)H needed for these compounds including starch and sucrose are
basically provided from the photophosphorylation system and the light-dependent
electron transport system of photosynthesis, respectively. Thus, the balance (ratio)
of inorganic phosphate (Pi)/total P (inorganic plus organic P), ATP/ADP, and
NAD(P)H/NAD(P)C in each cellular compartment, such as chloroplast and cytosol,
is fundamentally important to maintain high rates of photosynthesis and homeostasis
of whole cells. The synthesis of starch and sucrose plays an important role in
photosynthetic CO2-fixation activity by returning Pi to the photophosphorylation
system and the Calvin-Benson cycle. Since sucrose is synthesized in the cytosol, the
released Pi is returned to chloroplasts by the triose-P/Pi translocator (TPT) located
in the chloroplast inner envelope when carrying triose-P/PGA into the cytoplasm, as
shown in Fig. 5.1a. The photosynthetic reactions must run very quickly to support all
the energy-requiring physiological and biochemical events in plants under the light
condition. Therefore, the carbon flow from the Calvin-Benson cycle to the starch
and sucrose synthesis forms the primary metabolic process in plant cells.

As shown in Fig. 5.1c, the first step for the starch biosynthesis in green plants
is the formation of ADPglucose, a glucose donor, from glucose 1-phosphate (G1P)
and ATP as catalyzed by ADPglucose pyrophosphorylase (AGPase, EC 2.7.7.27)
according to the following equation:

G1P C ATP ! ADPglucose C PPi

This step needs ATP and releases inorganic pyrophosphate (PPi), which is
quickly decomposed into two molar equivalents of Pi by a high activity of inorganic
pyrophosphatase in the stroma. Thus, the AGPase reaction actually proceeds in the
ADPglucose synthetic direction, although the reaction is reversible in nature. The
synthesis of starch is supported by chain elongation by transferring glucose moieties
derived from ADPglucose to the nonreducing end of a glucan primer according to
the equation catalyzed by starch synthase:

ADPglucose C glucan primer .Gn/ ! glucan .GnC1/ C ADP
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Fig. 5.1 Schematic
representation of the starch
biosynthetic pathway and the
related metabolism in
photosynthetic and
non-photosynthetic tissues.
(a) The synthesis of
assimilatory starch in the leaf.
(b) The synthesis of reserve
starch in storage tissues. (c)
The starch synthetic pathway
from G1P. Abbreviations:
BT1 Brittle-1 protein
(ADPglucose transporter),
TPT triose phosphate/Pi
translocator, GPT G6P/Pi
translocator, G1PT putative
G1P transporter (Fettke et al.
2010b)
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where Gn and GnC 1 denote glucans having number of glucose residues with n and
n C 1, respectively.

The amylopectin chains are elongated by a soluble form of starch synthase (SS,
EC 2.4.1.21), whereas the amylose chain elongation is catalyzed by a starch granule-
bound form of starch synthase, GBSS (Fig. 5.1c).

The ’-1,6-glucosidic linkage is then introduced by starch branching enzyme (BE,
EC 2.4.1.18). Finally, the fine structure of amylopectin is achieved via the trimming
action (removal of unnecessary branches) of starch debranching enzymes (DBE).

In this way, amylopectin is basically synthesized by coordinate actions of three
classes of enzymes, SS, BE, and DBE, whereas amylose is mainly synthesized by
GBSS. However, the regulation of the starch synthesis is complex because each
class of the enzymes has multiple isozymes with distinct properties.

The amylopectin and amylose molecules are densely packed into the starch
granules having a high specific gravity up to 1.6 (Rundle et al. 1944), and the
fine structure of amylopectin is responsible for the semicrystalline nature of starch
granules. It is evident that if normal amylopectin fine structure is disturbed,
the morphology and physicochemical properties of starch granules are altered or
sometimes the granular structure is lost. The distinct structure of amylopectin
is frequently described as “cluster structure,” “bimodal chain-length distribution
structure,” or “asymmetric branching structure” (Hizukuri 1986; Thompson 2000;
Pérez and Bertoft 2010, also see Chap. 1 in this volume). This means that the
branches of amylopectin molecules are formed in at least two regions referred to
as the amorphous lamella and the crystalline lamella, keeping a constant length of a
single cluster (about 9 nm) in all plant sources (Jenkins et al. 1993, also see Chap. 1
in this volume) (Fig. 5.2).

Starch biosynthesis in reserve organs is characterized by a high rate of starch
production from sucrose and an efficient formation of the starch granules including
amylopectin and amylose. At the initial developmental stage of reserve organs,
the initial starch synthetic process is critical, while during the maturing stages
when starch is synthesized at the maximum rate, the primary starch biosynthetic
process which can be referred to as the starch amplification process (or reproduction
process) must be predominantly operating. This chapter mainly deals with the
amplification process where the homogeneous glucan molecules are very rapidly
reproduced to increase the starch amount, whereas the initiation process is described
in Chap. 9 (also see D’Hulst and Merida 2012).

5.2 Comparison of Starch Biosynthetic Pathway Between
Photosynthetic and Non-photosynthetic Tissues

Plants have developed the energy storage system in which a great amount of
starch granules can be accumulated in reserve tissue. These starch granules are
usually referred to as the reserve starch while those synthesized in chloroplasts

http://dx.doi.org/10.1007/978-4-431-55495-0_1
http://dx.doi.org/10.1007/978-4-431-55495-0_1
http://dx.doi.org/10.1007/978-4-431-55495-0_9
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Fig. 5.2 Schematic representation of the cluster structure of amylopectin and the synthesis of
cluster chains and branches in cereal endosperm via concerted elongation reactions by SSI, SSIIa,
and SSIIIa isozymes and by branching reactions by BEI and BEIIb isozymes. The basic structure
of amylopectin cluster composed of the repeated amorphous lamellae and the crystalline lamellae.
The figure also presents the lengths of amylopectin chains determined by SS isozymes. SSI, SSIIa,
and SSIIIa play distinct roles in the synthesis of very short chains, short and intermediate A-
and B1-chains, and long B1- and B2-3-chains, respectively, and that branches localized in the
amorphous lamellae and the crystalline lamellae and/or the interregion between both lamellae are
mainly formed by BEI and BEIIb, respectively. The figure is drawn based on the results with rice
plants and enzymes (Nakamura 2002, 2014)

of photosynthetic cells are called the assimilatory starch. The physiological role
of both types of starch is different, i.e., the reserve starch is stored for the long
period and used for the next generation while the assimilatory starch is temporarily
accumulated during the day but is consumed during the following night period to
support the biological activities in plant tissues. The importance of the different
functions of both starches seems to be supported by the structural differences
between them.

The whole metabolic pathway and events in the starch biosynthetic process as
well as other related metabolic pathways in higher plants are different between
assimilatory starch produced in chloroplasts (Fig. 5.1a) and reserve starch produced
in amyloplasts (Fig. 5.1b). First, the pathway of the synthesis of ADPglucose,
a glucose donor for starch synthesis by serving the substrate for SS and GBSS,
totally differs between chloroplasts and amyloplasts. In chloroplasts, F6P, a member
of the Calvin-Benson cycle, is first converted to glucose 6-P (G6P) and then to
G1P by a plastidial glucose-phosphate isomerase (PGI) and phosphoglucomutase
(PGM), respectively. Subsequently, G1P is metabolized to ADPglucose by AGPase
(Fig. 5.1a). In amyloplasts, however, the starting metabolite for starch synthesis
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is sucrose which is translocated to reserve tissues from leaves through phloem
(Fig. 5.1b). Sucrose enters the cytosol via the sucrose transporter, and the first step
for sucrose degradation is catalyzed by sucrose synthase to form UDPglucose and
fructose. UDPglucose is then converted to G1P by UDPglucose pyrophosphorylase
(UGPase). In cereals, G1P is mainly used as substrate for ADPglucose synthesizing
reaction catalyzed by a cytosolic AGPase (Denyer et al. 1996; see also Chap. 11),
and ADPglucose is then transported into amyloplasts via the ADPglucose trans-
porter, sometimes referred to as the Brittle1 protein (Sullivan 1995; Shannon et al.
1998). In other reserve organs such as potato tubers and pea embryo, most of
the G1P are transferred to G6P, which is imported into amyloplasts by the G6P
translocator. G6P is metabolized to ADPglucose via G1P by both plastidial PGM
and AGPase activities in amyloplasts. It is also possible that G1P is partially directly
moved into amyloplasts by the putative G1P transporter (Fettke et al. 2010b). The
translocated sucrose is also, at least partly, degraded by cellulose-bound invertase
into glucose and fructose. After both compounds are transported into the cytosol
by the hexose transporter, they are converted to G6P and F6P by hexokinase. F6P is
converted into G6P by cytosolic PGI and, subsequently, to G1P to form ADPglucose
by the actions of PGM and AGPase in the cereal cytoplasm or directly enters into
amyloplasts in other species. During the early developmental stage of the cereal
endosperm, it is considered that G6P moves into amyloplasts to some extent to be
metabolized to ADPglucose by plastidial PGM and AGPase.

Second, the supply of ATP is different between chloroplast and amyloplast
although ATP is essential for the AGPase reaction in both. In chloroplasts ATP
is supplied from the photophosphorylation system functioning during photosyn-
thesis. On the other hand, in non-photosynthetic cells, ATP is provided from the
oxidative phosphorylation system operating in mitochondria during dark respiration
(Fig. 5.1b). The generated ATP is provided to cytosolic AGPase in the cytoplasm or
plastidial AGPase after the import into amyloplasts via the nucleoside triphosphate
transporter.

Third, the types of translocators/transporters functioning in the non-photosynthetic
cells are different from those in photosynthetic cells. In non-photosynthetic
cells, many metabolic processes localized in different cellular compartments
and organelles play distinct roles in starch synthesis. Thus, many transloca-
tors/transporters are needed to provide enzymes with metabolites and cofactors
required for these actions and activities, as explained above. In contrast, chloroplasts
in photosynthetic cells contain almost all of enzymes and cofactors for the whole
starch biosynthetic processes. Thus, these processes can be independently operative
during photosynthesis. More precisely, chloroplasts are specialized to produce two
major photosynthates, starch and sucrose, and triose-P and/or PGA, the major
primary CO2-fixation products, are imported into the cytosol by the triose-P
translocator (TPT) to produce sucrose in the cytosol (Fig. 5.1a). To facilitate the
cytosolic sucrose synthesis, TPT transports inorganic phosphate (Pi) from cytosol
into chloroplasts in exchange for triose-P and/or PGA as the counterpart. It is noted
that translocators/transporters in non-photosynthetic reserve cells are different from

http://dx.doi.org/10.1007/978-4-431-55495-0_11
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Fig. 5.3 Transcript levels of genes encoding starch metabolism in endosperm and leaf of rice
(Data are from Ohdan et al. 2005)

those in photosynthetic cells and must have been developed during the process of
plant evolution (Weber and Linka 2011).

Fourth, the regulatory mechanism for enzymatic actions and activities is dif-
ferent between reserve and assimilatory starch syntheses. In chloroplasts, starch
synthesis is closely related to photosynthesis; the regulatory properties of AGPase
and possibly other starch synthetic enzymes too, which are present in photosyn-
thetic cells, are different from those in non-photosynthetic cells (see in details in
Chap. 11).

Fifth, starch structure including the fine structure of amylopectin and starch
granular structure differs between reserve and assimilatory starches.

Sixth, isozymes are differently expressed in both tissues, in addition to different
levels of enzymatic activities between tissues (Nakamura et al. 1989). For example,
some isozymes such as SSIIa, GBSSI, BEIIb, and ISA1 are almost exclusively or
preferentially expressed in developing rice endosperm while others such as SSIIb,
GBSSII, BEIIa, and ISA3 in the leaf (Ohdan et al. 2005), as presented in Fig. 5.3.

5.3 Functions and Properties of Enzymes Involved in the
Biosynthesis of Reserve Starch

The contribution of each isozyme of starch synthetic enzymes to the synthesis
of amylopectin and amylose has been investigated by using a variety of plant
sources and species, purified enzyme preparations, mutants, and transformants

http://dx.doi.org/10.1007/978-4-431-55495-0_11
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generated in at least the last three decades. The accumulated results provide us
with the most reliable and invaluable fundamental information and materials. First,
the presence and the relative activities or protein amounts of multiple isozymes
and isoforms have been demonstrated. Second, their enzymatic properties such
as reactivity toward various glucans including branched glucans (amylopectin
and glycogen), amylose, and malto-oligosaccharides (MOS); effects of chemicals,
metabolites, and temperature on activities; and association with other enzymes or
starch granules have been elucidated. Third, the genes encoding each isozyme
of starch synthetic enzymes were isolated, and structural features of individual
proteins and their expression patterns in various tissues and the developmental
stages were determined. Fourth, mutants defective in the target genes were isolated
and used to characterize the functions of the genes. Fifth, the transgenic lines in
which the target gene functions were modified were prepared, and various starch-
related phenotypes were analyzed. The use of the transformants was of great interest
to prove the function of the gene by detecting whether the mutated phenotype
reverted to the wild-type one and to test the possibility of how and to what
extent structural and functional properties of starch granules can be modified by
bioengineering of the gene. Sixth, in vitro studies with the purified preparations
of the target isozymes provided direct information on their enzymatic properties,
functions, and enzymatic reaction mechanisms. Since in in vitro experiments the
influences of other functionally overlapping and/or interacting isozymes can be
neglected, properties of the target isozymes can be directly examined. In addition,
the reaction conditions including the use of the appropriate primer/substrate glucans
can be selected. Kinetic parameters and effects of cofactors on the activity can be
determined. Seventh, the currently developed “omics” analyses enabled us to have
the whole scope of the roles of all enzymes operating in the same tissues under
various physiological conditions (Smith et al. 2004; Ohdan et al. 2005). By this
approach, we can scrutinize the contribution of the target gene/enzyme to starch
biosynthesis, which might fluctuate by tissue-, developmental stage-, and diurnal-
specific manners. The different phenomena occurring between plant species can be
also compared at the molecular level.

All these results serve as invaluable bases of most complexities and variations in
various aspects of regulation of starch biosynthesis.

5.3.1 The Biosynthesis of Amylopectin

5.3.1.1 Soluble Starch Synthase (SS)

SS elongates the preexisting ’-1,4-glucosidic chains of amylopectin by adding glu-
cose moiety from ADPglucose to the nonreducing end of the chains. This reaction
is the only step to increase the number of glucose residues of the starch because no
change occurs in glucose amount of the starch after the BE and DBE reactions. In
amylopectin molecules, the length or degree of glucose polymerization (DP) of side
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chains should be strictly controlled, because otherwise double helices (Kainuma and
French 1972) composed of adjacent chains having similar lengths are not uniformly
arranged. How can this structure be achieved? The rate of starch biosynthesis is
very rapid and the newly formed amylopectin clusters are immediately packed into
the starch granules. Therefore, chain length should be controlled simultaneously as
they are formed because trimming of chain length of individual chains afterward
is actually impossible once they are formed. The other basic requirement for side
chains of amylopectin is that their nonreducing part should be left non-branched so
that the external segments are long enough to form double helices with DP � 10
(Gidley and Bulpin 1987). During the synthesis of amylopectin side chains by
SS, the chain branching reactions catalyzed by BE are restrained until the chains
reach the length of DP 12, the minimal chain length required for BE reaction
(Guan et al. 1997; Nakamura et al. 2010; Sawada et al. 2014), or longer. To satisfy
all these requirements, plants possess multiple SS isozymes with distinct chain
elongation properties for reserve starch biosynthesis.

5.3.1.1.1 Multiple SS Isozymes

Green plants have four types of SS isozymes, the SSI, SSII, SSIII, and SSIV types,
while it is likely that some higher plants such as rice and potato have in addition
the SSV type (see review by Fujita and Nakamura 2012). Since early 1970s, many
reports have shown the occurrence of multiple SS isoforms in reserve organs and
leaves of rice (Tanaka and Akazawa 1971), maize (Ozbun et al. 1971b; Tanaka
and Akazawa 1971), potato (Hawker et al. 1972), and spinach (Ozbun et al. 1971a,
1972; Hawker et al. 1974), which were separated by DEAE column chromatography
and distinguished from each other based on reactivities toward the glucan type
and chemicals such as citrate, suggesting the involvement of coordinate actions
of multiple SS isozymes in starch biosynthesis. Later, genome analysis indicated
that higher plants have many SS genes, e.g., a total of nine genes (one SSI, three
SSII, two SSIII, two SSIV, and one SSV) in rice plants (Hirose and Terao 2004;
Ohdan et al. 2005).

5.3.1.1.2 Structures and Basic Enzymatic Properties

SS as well as GBSS belongs to the CAZy glucosyltransferase family 5 (GT5). Green
plants have at least four types of SS and one type of GBSS, which are structurally
and functionally distinct. These five enzymes have commonly a core sequence with
an approximate size of 60 kDa and include two conserved regions referred to as
the GT5 and GT1 domains which are separated by a linker region. In addition, they
have the N-terminal extensions with different sizes – those of GBSS and SSIII/SSIV
being the shortest and longest, respectively. The GT5 domain contains the highly
conserved motif KXGGL considered to be responsible for the catalytic activity,
while the N-terminal extension is likely to regulate catalytic activity, affecting bind-
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ing affinity of SS for carbohydrates (Gao et al. 1998; Cao et al. 1999; Li et al. 2000;
Leterrier et al. 2008; Schwarte et al. 2013).

The crystal structure of barley SSI with an omission of the N-terminal extension
was revealed by Cuesta-Seijo et al. (2013), following the analysis of rice GBSSI
(Momma and Fujimoto 2012). Structural similarities among plant SS were verified
by the presence of the three distinct domains, i.e., the N-terminal domain, the central
catalytic domain, and the C-terminal domain (Leterrier et al. 2008; Schwarte et al.
2013).

It is generally known that plant SS isozymes exhibit high activities toward
various branched glucans including amylopectin and glycogen while the activities
for linear MOS and amylose are very low (Edwards et al. 1999a; Damager et al.
2001; Imparl-Radosevich et al. 2003; Senoura et al. 2007; Nakamura et al. 2014). It
is also well known that SSI and SSII are markedly activated by high concentrations
(�0.3 M) of citrate (Ozbun et al. 1971b; Hawker et al. 1974; Boyer and Preiss
1979; Pollock and Preiss 1980; Senoura et al. 2007; Nakamura et al. 2014) (for
other properties of SS, see review by Fujita and Nakamura 2012).

5.3.1.1.3 Chain Preferences of SS Isozymes

The contributions of individual SS isozymes to starch synthesis, the fine structure
of amylopectin, and physicochemical properties of starch granules have been
extensively examined using SS mutants and transformants generated from a number
of plant species (see review by Fujita and Nakamura 2012) and by in vitro studies
with purified enzyme preparations and selected glucan primers.

Although SSI accounted for about 60–70 % of the SS activity in wild-type cereal
endosperm and Arabidopsis leaves, the single ss1 mutation was likely to cause
only a slight change in the starch-related phenotypes. It is, however, noted that
amylopectin from rice ss1 mutant lines with no or varied levels of residual SSI
activities in the endosperm had consistently reduced chains of DP 8–12 and enriched
chains of DP 6–7 and DP 16–19, whereas changes in the proportion of long chains
of DP � 21 were very low or unchanged (Fujita et al. 2006) (Fig. 5.4b). The similar
impact of suppression of SSI expression on amylopectin chain profile was reported
in wheat endosperm (McMaugh et al. 2014). These results suggest that SSI plays
a distinct role in the synthesis of chains of DP 8–12 from A-chains of DP 6–7 and
the external segments of B-chains emerging from the nearest branch point. Delvallé
et al. (2005) also found that the mutation of Arabidopsis SSI gene markedly reduced
chains of DP 8–12 but increased chains of DP 17–20. These results are consistent
with the view that SSI is involved in the synthesis of short external segments of
amylopectin chains.

It is well known that defective SSII gene function has profound effects on starch
synthesis and amylopectin structure in reserve organs of many plant species. Craig
et al. (1998) reported that mutations of SSII gene (the rugosus5 locus) of pea
dramatically reduced the amount of intermediate chains and increased the amount
of short chains. Later, Edwards et al. (1999b) and Lloyd et al. (1999) extensively
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Fig. 5.4 Changes in structure of amylopectin of rice mutants defective in starch synthase (SS)
isozymes. (a) Amylopectin in endosperm from wild-type japonica rice cultivar Nipponbare (blue
bars), as compared to phytoglycogen from sugary-1 mutant line (EM41) of rice (brown bars). (b)
Amylopectin from ss1 mutant (Fujita et al. 2006). (c) Amylopectin from ss2a mutant (Nakamura
et al. 2005a). (d) Amylopectin from ss3a mutant (Fujita et al. 2007)

analyzed the effects of antisense inhibition of either SSII or SSIII and both activity
levels in potato tubers on the amylopectin chain lengths. The consequence of
SSII inhibition was distinct because short chains of DP 6–13 greatly decreased
while intermediate chains of DP 15–25 markedly increased. A series of studies by
Umemoto et al. (1999, 2002) and Nakamura et al. (2002, 2005a) characterized the
contribution of rice SSIIa to the fine structure of amylopectin. They showed that
most of japonica-type rice varieties had enriched chains of DP 6–10 and depleted
chains of DP about 12–24, compared with typical indica-type varieties although no
significant difference was found in the proportion of B2- and B3-chains (Umemoto
et al. 1999; Nakamura et al. 2002) (Fig. 5.4c) and that the japonica-type varieties
had an inactive mutated ss2a gene while the indica-varieties had an active SSIIa
gene (Nakamura et al. 2005a). The same trends in chain profiles for amylopectin
were observed in the ss2a mutants from wheat (the sgp-1 mutant, Yamamori et al.
2000) and barley (the sex6 mutant, Morell et al. 2003). Similar results were reported
in maize sugary-2 mutant endosperm (Takeda and Preiss 1993; Zhang et al. 2004),
sweet potato cv. Quick sweet tuberous root (Katayama et al. 2002; Kitahara et al.
2005), and Arabidopsis leaf (Zhang et al. 2008). All these results support the
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Fig. 5.5 Pattern of changes in the cluster structure of amylopectin caused by different levels of
key enzymes in starch biosynthesis. The fine structure of amylopectin is altered by different levels
of SSIIa, BEIIb, and ISA1 activities in rice endosperm, keeping the distinct structural pattern of the
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conclusion that SSII(a) plays a distinct role in the synthesis of intermediate chains of
amylopectin, and this role cannot be effectively supplemented by other SS isoforms
(Fig. 5.5).

It is known that the dull1 mutation of maize caused by defective SSIIIa gene had a
modified granular morphology and physicochemical properties (Mangelsdorf 1947;
Davis et al. 1955; Gao et al. 1998, see also reviews by Shannon and Garwood 1984
and Shannon et al. 2007). Fontaine et al. (1993) and Ral et al. (2006) proposed a
specific role of SSIII in the synthesis of intermediate and long chains of amylopectin
in Chlamydomonas reinhardtii based on the chain-length analysis of the ss3 mutant,
sta-3. Loss of SSIII in potato tuber resulted in changes in amylopectin and starch
granule structure, and data suggested that SSIII is involved in the synthesis of long
chains although the extent of difference in chain-length profile was too small to
clearly evaluate the function of SSIII (Edwards et al. 1999b; Lloyd et al. 1999).
Fujita et al. (2007) analyzed in details the amylopectin chain profiles of amylopectin
in rice endosperm and found that the ss3a mutant had fewer chains of DP 6–9,
DP 16–19, and DP 33–55 and more chains of DP 10–15 and DP 20–25 than the
wild-type (Fig. 5.4d). They proposed a major role of SSIIIa in synthesizing long
chains (B2- and B3-chains), judging from the observation that the increased pattern
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of long chains in the ss3a mutant was specific and the increase of very short chains
(DP 6–9) was considered to be caused by the elevated level of SSI due to the
pleiotropic effect of ss3a mutation. Recently, Lin et al. (2012) reported the fine
structure of amylopectin in the maize dull1 mutants, similar to the rice ss3a mutants.
The barley ss3a mutant (amo1) endosperm contained amylopectin with less short
chains of DP 9–10 and more intermediate chains of DP 15–24 while no significant
change was detected in long chains (Li et al. 2011).

The ss3(a) mutation frequently produced marked starch-related phenotypic
changes such as the starch content, starch granule morphology, and the starch
physicochemical properties, despite the absence of noticeable change in chain-
length pattern. The results suggest that SSIII(a) plays an additional integral role
in starch granule biosynthesis.

Although SSIV accounted for only a minor portion of the total SS activity,
its function in starch biosynthesis was likely to be specific. Roldán et al. (2007)
revealed that loss of SSIV reduced the number of starch granules per chloroplast
in Arabidopsis leaves, suggesting that SSIV plays an essential part in the starch
granule initiation. The specific role of SSIV in Arabidopsis was verified by further
studies (Szydlowsky et al. 2009; Crumpton-Taylor et al. 2013). The observation
that the ss4/ss3 double mutants completely lost starch granules suggests that the
role of SSIV can be partially supported by SSIII, possibly due to some structural
and functional similarities (Szydlowsky et al. 2009; 2011). Although studies on the
contribution of SSIV to the starch biosynthesis in cereal endosperm are limited,
recently Toyosawa et al. (2015) found that a single mutation of the SSIVa or
SSIVb gene had minor impacts on starch phenotype in rice endosperm, whereas the
ss4b/ss3a double mutants altered the polygonal starch granules into the spherical
granules, although the number of granules per amyloplast and the starch content per
seed were only slightly affected. The results suggest the possibility that the impact
of SSIV depends on plant species (see details in Chaps. 6, 9, and 10).

Despite numerous in vivo studies on SS, only a few in vitro studies have been
reported. Commuri and Keeling (2001) examined the chain-length specificities of
maize SSI and determined the relationship between dissociation constant (Kd) of
SSI for the external chain length of synthesized glycogen and the SSI activity. The
catalytic activity evidently decreased with the increase in the average DP values of
external chains and almost dropped to zero when DP exceeds about 11, these DP
values being in accord with the increase of glucan affinity. They concluded that the
activity of SSI decreases with the chain length of external chains due to its very high
affinity for the longer chains. Recently, Nakamura et al. (2014) directly measured
the chain length of the products formed by in vitro enzymatic reactions between rice
SSI, SSIIa, or SSIIIa and amylopectin. It is noted that SSI specifically elongated
very short chains of DP 6 and 7 of A-chains and external segments of B-chains to
mainly the length of DP 8 in these chains, although they could be further elongated
by the prolonged incubation. Analysis of the SSIIa and SSIIIa reaction products
was consistent with in vivo results, suggesting that SSIIa and SSIIIa preferentially
synthesize intermediate chains and intermediate/long chains, respectively.

http://dx.doi.org/10.1007/978-4-431-55495-0_6
http://dx.doi.org/10.1007/978-4-431-55495-0_9
http://dx.doi.org/10.1007/978-4-431-55495-0_10
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5.3.1.1.4 The Roles of SS Isozymes in Amylopectin Biosynthesis

Undoubtedly, concerted reactions of individual SS isozymes are essential for con-
struction of the organized structure of amylopectin with uniform size and shape of
unit clusters. The chain-length distribution of amylopectin in reserve starch granules
forms two distinct peaks: a large short- and intermediate-chain peak and a small
long-chain peak with most abundant chains of approximately DP 10–14 and DP 35–
45, respectively, sharply in contrast with the pattern of phytoglycogen or glycogen
lacking the second peak (Fig. 5.4a). The lengths of the former intra-cluster chains
(A- and B1-chains) and those of the latter inter-cluster chains (B2- and B3-chains)
must be strictly controlled, otherwise the shape of the bimodal distribution would be
distorted and the ratio of the two peaks must be changed. However, it is well known
that these features are primarily conserved during development of the storage organ
of each plant species. The chain length in itself is the result of the SS elongation
reaction. BE indirectly affects the length by introducing branched linkages, which
results in the reactivation of the long external chains to SS by decreasing the length
of the external segment because each SS isozyme very specifically and sensitively
recognizes the length of the external segment of substrate and product chain. The
most likely explanation for requirement of multiple SS isozymes for the synthesis
of amylopectin is that the branched chains are elongated by coordinate reactions
of SSI, SSII, and SSIII isozymes with different chain-length preferences until the
lengths reach the nonreducing end of the cluster.

Past biochemical, molecular, and genetic investigations supported the almost
consistent view that properties of SSI, SSII, and SSIII are specific to forming very
short chains of DP up to about 10, intermediate intra-cluster A- and B1-chains of
DP up to about 24, and long inter- and intra-cluster B2-/B3-chains and B1-chains,
respectively, of DP longer than about 20, respectively (Fujita and Nakamura 2012)
(Fig. 5.2). The features of SS reaction properties are as follows: first, activities of SS
are largely dependent on the chain length of the external segment of primer chains,
being sharply in contrast with those of Pho and GBSS because both of them can
synthesize very long chains such as amylose and amylopectin super-long chains.
Second, SS shows a high activity toward branched glucan such as amylopectin
and glycogen, whereas it has a very low activity toward linear glucan or MOS.
In contrast, both Pho and GBSS are similarly reactive to either linear or branched
glucans.

How can SS limit the length of amylopectin chains? Although no convincing
evidence is available, several possibilities can be considered. First, as described
above, Commuri and Keeling (2001) reported that catalytic ability of maize SSI
decreased with the increase of external chain length in the range of DP 6–14 and
then exponentially dropped to DP 21, due to the increase of its affinity for the longer
chains. However, it remains to be resolved whether and to what extent the properties
of SSII and SSIII are influenced by chain lengths. Second, the amylopectin chain
increases the hydrophobic properties in aqueous medium with the increase in the
chain length, as found in linear MOS, and this might inhibit the accessibility of
SS to the nonreducing end of the primer chain. Third, since SS generally shows a
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higher catalytic action with branched glucans than linear glucans, as stated above,
the actual substrate for SS might be the branched duplicate chains positioned in the
same direction and having the similar length. As elongation of the single chain by
SS progresses, the difference in chain length between adjacent chains will become
larger, dramatically reducing the rate of chain elongation. All these properties might
result in the cessation of further increase of the cluster size. It was found that
rice SSIIa had a capacity for the synthesis of L-type amylopectin having longer
A- and B1-chains in test tubes when it was incubated with S-type amylopectin
having shorter cluster chains and prepared from a rice ss2a mutant japonica cultivar
(Nakamura et al. 2005a) (Fig. 5.5), indicating that SSIIa is specialized to elongate
intra-cluster chains by acting on short chains formed by BE reactions.

5.3.1.2 Starch Branching Enzyme (BE)

BE introduces the branch structure into ’-glucan with ’-1,6-glucosidic linkage by
transferring the chain at its reducing end onto the acceptor chain. The transferred
chain is derived from the donor chain by cleaving off its nonreducing part of the
chain, and the remaining part of the chain is referred to as the residual chain
(Borovsky et al. 1979) (Fig. 5.6). When BE uses an acceptor chain different from the
donor chain, the reaction is referred to as the inter-chain BE reaction, whereas in the
intra-chain reaction, BE utilizes the same single chain as both acceptor and donor
chains. In both cases, the total number of chains increases while that of glucose
residues is unchanged during the BE reaction.

Although glucose amount in the glucan during the BE reaction is unchanged,
it plays an essential role in starch biosynthesis in terms of not only the glucan
fine structure but also eventually in the catalytic activity of SS and the rate of
starch production in plant tissues. The amylopectin cluster structure enables the
macromolecule to form the semicrystalline granular structure so that plant cells can
store the inert glucans for a long period. The branched structure also has numerous

BE

Donor chain

Residual chain
Acceptor chain

Transferred chain

Intra-chain branching

BE

Donor chain

Transferred chain

(Acceptor chain)
Residual chain

Inter-chain branching

Fig. 5.6 ’-Glucan branching reaction catalyzed by starch branching enzyme (BE). Note that after
the BE enzymatic reaction, the number of chains increases while the number of glucose residues
is unchanged either by the inter-chain or intra-chain branching reaction
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chains, serving for SS reaction as acceptors at their nonreducing ends, and this
supports a high rate of starch production. The formation of a branch in the middle
of linear long chain also affects the functionality of the chain. Because the linear
’-1,4-chain segment increases its hydrophobic nature with the increase of DP, the
long non-branched chain segment becomes insensitive to SS isozymes (Commuri
and Keeling 2001). Thus, the branch formation by BE results in reactivation of long
chains by accepting the transferred chains because SS can again act on them at their
external segments.

5.3.1.2.1 Multiple BE Isozymes

Numerous past investigations reported that green plants have two types of BE
isozymes, BEI and BEII, in various species such as maize (Boyer and Preiss 1978;
Dang and Boyer 1988), rice (Nakamura et al. 1992a; Yamanouchi and Nakamura
1992; Mizuno et al. 1993), wheat (Morell et al. 1997; Rahman et al. 2001), barley
(Sun et al. 1998), pea (Smith 1988; Burton et al. 1995), kidney bean (Nozaki et al.
2001; Hamada et al. 2001), potato (Larsson et al. 1996), spinach (Hawker et al.
1974), popular (Han et al. 2007b), and apple (Han et al. 2007a). BEII is known to
be further functionally and structurally differentiated into BEIIa and BEIIb, encoded
by different genes in cereals such as rice (Yamanouchi and Nakamura 1992; Mizuno
et al. 1993), maize (Guan and Preiss 1993; Fisher et al. 1996), barley (Sun et al.
1998), wheat (Morell et al. 1997), and sorghum (Mutisya et al. 2003), whereas
generally no such differentiation of BEIIb-type is found in dicot plants. Generally,
BEIIb is specifically or mainly expressed in cereal endosperm, playing a distinct
role in determining the fine structure of amylopectin while BEIIa is ubiquitously
expressed in every tissue (see reviews by Nakamura 2002, 2014; Tetlow 2012).
Thus, monocots have totally three functional BE isozymes in the endosperm and
two isozymes in the other tissues such as leaf. On the other hand, most dicot tissues
are likely to have only two BE isozymes. Although some dicots such as Arabidopsis
and apple have multiple BEII-type isozymes (Han et al. 2007a), their function
and structure were very similar and it is unlikely that they play different roles in
amylopectin biosynthesis. The location and the clustering of the ’-1,6-linkages is
fundamentally important to the construction of the amylopectin structure, such that
the formation of branches in amylopectin molecules by coordinated actions of BE
isozymes must be precisely controlled. Considering this requirement, the limited
number of BE isozymes expressed in plant tissues is rather surprising compared with
many SS isozymes. How can only two or three isozymes suffice such requirements?
The point might be further strengthened if one considers that plant BEs must have a
common origin as that of glycogen BEs from eukaryotes such as animals and fungi,
but not the bacterial BE origin (Patron and Keeling 2005; Deschamps et al. 2008).

The different expressions of multiple BE genes were examined in various
plant species during development of reserve organs. It was generally seen that
in both monocots and dicots, BEII-type gene(s) was (were) expressed from the
early developmental stage of the reserve organ, while BEI-type gene was highly
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expressed at the latter developmental stage in both monocot seeds such as rice
(Mizuno et al. 1993; Hirose and Terao 2004; Ohdan et al. 2005), maize (Gao et al.
1996), wheat (Morell et al. 1997), and barley (Sun et al. 1998) and dicot seeds
such as pea (Burton et al. 1995) and kidney bean (Hamada et al. 2001). In cereal
endosperm, BEIIa was found to be expressed from the very early stage, followed
by a marked expression of BEIIb (Hirose and Terao 2004; Ohdan et al. 2005).
The physiological significance of these expression patterns remains largely to be
resolved in the future.

5.3.1.2.2 Structures and Basic Enzymatic Properties

BEs are members of the CAZy glycoside hydrolase family 13 (GH13), which
is also referred to as the ’-amylase family. Eukaryote BEs are further classified
as subfamily 8, while almost all of bacterial BEs are members of subfamily 9
(Stam et al. 2006). Some thermophilic bacteria have other types of BEs belonging to
the GH57 family (Murakami et al. 2006; Palomo et al. 2009). The GH13 BEs have
three major domains, the A domain or the central (“/’)-barrel catalytic domain, the
N-terminal domain, and the C-terminal domain, although the A domain sequence
is highly conserved, whereas other two domains show a high variability, and this
structural features were directly revealed by the X-ray crystallographic analysis of
rice BEI (Noguchi et al. 2011; Chaen et al. 2012, also see review by Tetlow 2012
and many references therein).

Enzymatic properties of BEs have been elucidated. These include reactiv-
ity toward various glucans including branched glucans (amylopectin and glyco-
gen), amylose, and malto-oligosaccharides (MOS) (Tetlow 2012); chemicals such
as cyclodextrins (Vikso-Nielsen and Blennow 1998), phosphorylated metabolites
(Morell et al. 1997), and citrate (Hamada et al. 2001, 2002); temperature dependence
of activities (Takeda et al. 1993; Hamada et al. 2002; Ohdan et al. 2011; Sawada
et al. 2013); and association with starch granules (Rahman et al. 1995; Mu-Forster
et al. 1996; Hamada et al. 2001, 2002; Grimaud et al. 2008; Liu et al. 2012b; Abe
et al. 2014). For other properties of BE, see review by Tetlow (2012).

5.3.1.2.3 Chain Preferences of BE Isozymes

The contributions of individual BE isozymes to the fine structure of amylopectin
have been studied by analyzing changes in amylopectin structure in be mutants and
transformants generated from a number of plant species such as maize (Hedman
and Boyer 1982; Blauth et al. 2001, 2002; Yao et al. 2004, also see review by
Shannon and Garwood 1984), rice (Nishi et al. 2001; Nakamura 2002; Satoh et al.
2003; Tanaka et al. 2004; Butardo et al. 2011), wheat (Regina et al. 2006; Sestili
et al. 2010), barley (Regina et al. 2010; Carciofi et al. 2012), and pea (Smith 1988;
Bhattacharyya et al. 1990). For other be mutants, see Tetlow (2012).
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The impacts of these mutations were apparent when BEII-type forms were
lacking while be1 mutants showed no or only a slight morphological and starch-
related phenotypic changes. One most remarkable example is the pea mutant line
called rugosus (r) which was used by Mendel as his experimental material and had
a shriveled seed with a reduced starch synthesis caused by a loss of BEII-type
(or A-type) isozyme (Smith 1988; Bhattacharyya et al. 1990). The other well-
known example is the maize be2b mutant referred to as the amylose extender
(ae) which caused a dramatic increase in amylose content and an alteration of
amylopectin structure with longer chain length, which resulted in the commercially
useful functional properties of the endosperm starch being resistant to digestion and
gelatinization (Shannon et al. 2007; Li et al. 2008). The results suggest the specific
role of BEII in starch biosynthesis in dicot reserve organs and BEIIb in monocot
seeds, and their roles cannot be significantly supported by BEI and BEI plus BEIIa,
respectively. Conversely, the role of BEI can be mostly complemented by BE
isozyme(s). However, attention should be paid to the observations that in wheat
and barley endosperms, the impact of BEIIa deficiency was much more similar to
that of BEIIb deficiency of maize and rice (Yao et al. 2004; Nishi et al. 2001; Tanaka
et al. 2004; Butardo et al. 2011), whereas suppression of BEIIb expression in wheat
and barley resulted only in minor changes in starch phenotypes (Regina et al. 2006;
Regina et al. 2010) (see Sect. 5.5.2).

Figure 5.7b shows that loss of BEIIb activity in rice endosperm caused a marked
increase in long chains of DP � 35 (B2- and B3-chains) and intermediate chains of
DP 15–30 (A-chains plus B1-chains) and a great decrease in short chains of DP
6–12 in amylopectin (Nishi et al. 2001). The results support the notion that BEIIb
forms short chains in the middle of the cluster instead of the root of the cluster, and
therefore in its absence the number of chains per cluster (the ratio of A-chains plus
B1-chains/B2-chains plus B3-chains) is significantly reduced (Figs. 5.2, 5.4, and
5.7). By contrast, the be1 mutant of rice had amylopectin with more chains of DP
6–12 and slightly less chains of DP 16–25 and DP � 37 (Fig. 5.7a), suggesting that
BEI plays a part in the synthesis of intermediate and long chains (Satoh et al. 2003).
The situation is likely common among cereal endosperm (Yao et al. 2004; Regina
et al. 2010; Butardo et al. 2011; Liu et al. 2012a), although the possibility that BEI
also affects the position of branches of amylopectin in maize endosperm cannot be
ruled out (Xia et al. 2011).

The contribution of each BE isozyme to the amylopectin structure has been
analyzed more precisely and in details by in vitro studies. It was firstly reported
that maize BEII preferentially transferred very short chains of DP 6 to about 12
with most preferred chains of DP 6 for BEIIa and DP 7 and 6 for BEIIb, while BEI
formed most effectively intermediate chains of DP about 10–12 (Takeda et al. 1993;
Guan et al. 1997). Subsequently, BEs from other plant sources such as rice (Mizuno
et al. 2001; Nakamura et al. 2010), kidney bean (Hamada et al. 2001; Nozaki et al.
2001), potato (Rydberg et al. 2001), green alga Chlorella (Sawada et al. 2009),
and cyanobacterium Synechococcus (Sawada et al. 2013, 2014) were shown to have
similar chain-length preferences as maize BE isozymes (see review by Tetlow 2012)
and consistent with the enzymatic properties suggested by in vivo studies.
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Fig. 5.7 Changes in the amylopectin structure of mutants defective in starch branching enzyme
(BE) isozymes of rice. Changes in the fine structure of amylopectin in rice endosperm caused
by be1 (Satoh et al. 2003) (a) and be2b (Nishi et al. 2001) (b) mutations. The data shown are
differences after subtraction of chain-length distribution of amylopectin of the wild-type from that
of the mutant

As an example of these in vitro studies, results with three rice BE isozymes are
summarized (Nakamura et al. 2010), as shown in Fig. 5.8. First, when branched
glucan such as amylopectin is used as substrate, the minimum chain lengths
of substrate chains and the transferred chains for BE reaction were DP 12 and
6, respectively. In contrast, the minimum chain length of amylose required for
branching was about DP 48 for BEI and DP � 100 for BEIIa and BEIIb. Second,
the most preferable chain lengths for branching of amylopectin by BEI, BEIIa,
and BEIIb were DP 10–12, DP 6, and DP 7 and 6, respectively. Third, BEI
could attack the internal chain segments of amylopectin chains but to a lesser
extent than the external chain segments, while BEIIa and BEIIb could not. These
results are basically consistent with those of corresponding BE isozymes from
other plant species as described above, although precise comparison with BEs from
various sources is difficult because these studies used different substrate, reaction
conditions, and methods for measuring chain profiles.

Recently, Sawada et al. (2013, 2014) analyzed and compared the chain preference
of a total of ten BEs from various organisms including rice (OsBEI, OsBEIIa, and
OsBEIIb), Chlorella kessleri (ChlBE), red alga Porphyridium purpureum (PopBE1
and PopBE2), Synechococcus elongatus (ScoBE), Escherichia coli BE (EcoBE),
human (HosBE), and yeast (SacBE). It was found that EcoBE had the same
enzymatic properties as OsBEI, while ScoBE and ChlBE had BEIIb-type properties.
On the other hand, HosBE, SacBE, and two PopBEs exhibited the OsBEIIa-type
properties. Analysis of chain-length profile of phosphorylase-limit dextrins (ˆ-LD)
of the BE reaction products revealed that EcoBE, ScoBE, PopBE1, and PopBE2
preferred A-chains as acceptors, while OsBEIIb used B-chains more frequently
than A-chains. The preference of BE for acceptor chain seemed to reflect on the



180 Y. Nakamura

0

0.5

1

1.5

2

1 5 10 15 20 25 30 35 40 45 50 55 60

ae-amylopectin
(substrate)

nm
ol

  
eq

ui
va

le
nt

s

0

2

4

6

8

10

1 5 10 15 20 25 30 35 40 45 50 55 60

A.  OsBEIIb

6

7

0

0.5

1

1.5

2

2.5

3

1 5 10 15 20 25 30 35 40 45 50 55 60

C. OsBEI
6

11

6

14

0

1

2

3

4

1 5 10 15 20 25 30 35 40 45 50 55 60

B. OsBEIIa

Degree of Polymerization (DP)

-2

0

2

4

6

8

10

1 5 10 15 20 25 30 35 40 45 50 55 60

A.  OsBEIIb

6

7

10

-0.5

0

0.5

1

1.5

2

1 5 10 15 20 25 30 35 40 45 50 55 60

C. OsBEI6 11

-1

0

1

2

3

4

1 5 10 15 20 25 30 35 40 45 50 55 60

B. OsBEIIa6

7
11

Fig. 5.8 Chain preference of starch branching enzyme (BE) isozymes analyzed by in vitro studies.
The chain-length distribution of the reaction product of rice BE with ae-amylopectin used as
substrate is shown. (a) The BEIIb reaction product. (b) The BEIIa reaction product. (c) The BEI
reaction product (Data are from Sawada et al. 2014)

molecular structure of ’-glucans in terms of the ratio of A-chains to B-chains
in at least some organisms such as algae. The results showed for the first time
the preference of some BEs to the acceptor chains and the location of branches.
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This information provides new insights into the mechanism for the synthesis of
amylopectin cluster structure.

It is stressed that features of the chain preference of BE were maintained
irrespective of the glucan substrate for the in vitro BE reaction, i.e., amylopectin
or amylose (Guan et al. 1997; Nakamura et al. 2010), the duration of enzymatic
reaction (Guan et al. 1997; Nakamura et al. 2010), and the reaction temperature
(Nakamura et al. 2010; Ohdan et al. 2011), indicating that the specific chain
preference of BE isozymes is consistent regardless of the structure of glucan
substrate. Thus, the specificities of individual BEs for chain length of the glucans
can be applicable to their roles under any physiological conditions.

5.3.1.2.4 The Roles of BE Isozymes in Amylopectin Biosynthesis in Cereal
Endosperm

The contribution of BEIIb and BEI to the fine structure of amylopectin sharply
contrasts from each other, and this is basically observed in any cereal endosperm.
As seen in rice endosperm as a representative example, the view is supported by
the different chain-length distribution pattern of amylopectin between be2b and be1
mutants (Fig. 5.7). The observation that the extent of change in chain-length profile
was much higher in be2b mutant than be1 mutant indicates that the function of
BEIIb is specific and this cannot be complemented by other BE isozymes while
that of BEI can significantly be supported by other BEs. No phenotypic change in
the amylopectin structure was detected in the be2a mutant, suggesting that the role
of BEIIa is not specific and might merely be to support BEIIb and BEI. Because
leaf be2a mutant amylopectin had less short chains compared to long chains, BEIIa
might play an important part in forming short amylopectin chains in the leaf where
BEIIb is not expressed. The specific role of BEIIb in rice endosperm was supported
by the results with transgenic lines in which BEIIb gene was introduced into the
be2b mutant (Tanaka et al. 2004). The extent of amylopectin chain pattern alteration
among transformants was depending on the expressed level of BEIIb; remarkably
most of the starch was replaced by water-soluble polysaccharides (WSP) when it
was highly overexpressed (Fig. 5.5; see also Sect. 5.4.3.2).

5.3.1.3 Starch Debranching Enzyme (DBE)

Plants have two types of ’-glucan debranching enzymes: isoamylase (ISA, EC
3.2.1.68) and pullulanase (PUL, EC 3.2.1.41). Both ISA and PUL directly debranch
the ’-1,6-glucosidic linkage, differing from DBE from heterotrophic eukaryotes
such as animals and yeasts which removes the branched chain by the consecutive
4-’-glucanotransferase (EC 2.4.1.25) and amylo-1,6-glucosidase (EC 3.2.1.33)
reactions (see reviews by Lee and Whelan 1971 and Nakamura 1996).
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5.3.1.3.1 Involvement of DBE in Amylopectin Biosynthesis

One of the most striking biochemical events in the starch biosynthesis in plants is
the fact that DBE is essential for the synthesis of cluster structure of amylopectin.
Although some information suggesting the involvement of DBE in amylopectin syn-
thesis had been reported through the analysis of phytoglycogen-producing sugary-1
mutants from maize (Pan and Nelson 1984) and rice (Nakamura et al. 1992b),
direct evidence that ISA1 plays a crucial role in amylopectin biosynthesis and in
its absence amylopectin is replaced by phytoglycogen devoid of cluster structure
(Figs. 5.4a and 5.5) was reported by James et al. (1995) using the gene-tagging
method. Since then the essential roles of DBEs in amylopectin synthesis have been
verified by extensive investigations of a variety of mutants and transformants from
maize (James et al. 1995; Beatty et al. 1999; Dinges et al. 2001; Dinges et al. 2003;
Kubo et al. 2010; Lin et al. 2012, 2013), rice (Nakamura et al. 1996, 1997; Kubo
et al. 1999, 2005; Fujita et al. 2003, 2009; Utsumi et al. 2011), potato (Hussain et al.
2003; Bustos et al. 2004), barley (Burton et al. 2002), Arabidopsis (Zeeman et al.
1998; Dellate et al. 2005; Wattebled et al. 2005, 2008; Streb et al. 2008; Pfister et al.
2014; Streb and Zeeman 2014), Chlamydomonas (Mouille et al. 1996; Colleoni et al.
1999a, 1999b; Dauvillée et al. 2000, 2001; Sim et al. 2014), and Cyanobacterium
sp. CLg1 (Cenci et al. 2013) (also see review by Hennen-Bierwagen et al. 2012),
although in this chapter experimental results with maize and rice endosperm are
mainly described.

Green plants usually have four DBEs: three ISA isozymes, ISA1, ISA2, and
ISA3, and one PUL (Ball et al. 2011). The essential role of ISA1 was proven
by the molecular studies showing that the sugary-1 phenotype reverted to wild-
type one when normal ISA1 gene was introduced into the sugary-1 mutant of rice
(Kubo et al. 2005; Utsumi et al. 2011) (Fig. 5.9). Biochemical studies indicated
that ISA2 functioned in a form of heteromeric complex with ISA1, although ISA2
itself lacked the catalytic site as DBE due to replacement and/or deletion of essential
catalytic residues conserved in ISA1 and ISA3 (Hussain et al. 2003; Bustos et al.
2004). ISA3 likely plays a part in degrading branched glucans in the leaf (Hennen-
Bierwagen et al. 2012), but not in the glucan synthesis in the endosperm (Yun et al.
2011). It is interesting that both ISA1 homomer and ISA1-ISA2 heteromer were
present in maize endosperm (Kubo et al. 2010) and leaf (Lin et al. 2013), rice
endosperm (Utsumi and Nakamura 2006; Utsumi et al. 2011), and Chlamydomonas
(Sim et al. 2014). In contrast, only the ISA1-ISA2 heteromer existed in potato tuber
(Hussain et al. 2003) as in Arabidopsis leaves (Dellate et al. 2005). It was found
that the ISA1 homomer, but not the heteromer, was only the functional form in rice
endosperm (Utsumi et al. 2011) while in maize endosperm the homomer played a
major role in amylopectin synthesis but the heteromer could also support at least
partly the normal starch synthesis (Kubo et al. 2010). These differences in the ISA
functional form(s) between rice and maize were supported by the results indicating
that the presence of the heteromer only caused by overexpression of ISA2 gene
resulted in abnormal starch production in rice endosperm (Utsumi et al. 2011).
It is noted that in the rice leaf the heteromer was the functional form for normal
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Taichung-65
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Transformant
(#914-8-1)
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(sugary-1)

Scanning electron micrograph of starch granules

Thermal properties of starch

Wt of seed To ΔH λ-max

(mg) (°C) (J/g) (nm)

Kinmaze (WT) 20.7 55.5 6.46 575

EM914 (sugary-1) 11.1 ND

#914-8-1 18.9

ND 470

50.0 5.54 555

#914-24-2 17.4 44.5 3.94 560
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Fig. 5.9 Changes in starch granular structure of mutants defective in isoamylase1 (ISA1) of rice
and complementation of the mutant phenotype by introducing normal ISA1 gene from wheat.
Granular morphology (a) and thermal properties (b) of ’-glucans in rice endosperms of wild-
type, an isa1 (sugary-1) mutant line EM914, and OsISA1 transformants (Data are from Kubo et al.
2005)

starch biosynthesis and that the heteromer was more resistant to high temperature
at 40 ıC than the homomer (Utsumi et al. 2011). In maize leaves, both homomer
and heteromer existed (Lin et al. 2013). One likely reason for this phenomenon in
rice is that the functional form of ISA should be more resistant in the leaf than
in the endosperm presumably because intracellular environment due to diurnal and
physiological conditions fluctuates more frequently and severely in the leaf than in
the endosperm.

In the sugary-1 mutant endosperm, the activity of PUL was concomitantly
reduced in maize (Pan and Nelson 1984; Dinges et al. 2003) and rice (Nakamura
et al. 1996), and the reduced level of PUL was almost related with the severity
of sugary-1 mutation or the extent of decreased ISA activity in rice endosperm
(Nakamura et al. 1997), suggesting that PUL together with ISA plays a part in
amylopectin biosynthesis in cereal endosperm. Later, Fujita et al. (2009) provided
evidence that the role of PUL was to supplement the role of ISA when absent,
but in its presence the PUL’s role was only limited, if any, in developing rice
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endosperm, basically consistent with previous results with maize (Beatty et al. 1999;
Dinges et al. 2003) and rice endosperm (Kubo et al. 1999) endosperm.

5.3.1.3.2 Multiple DBE Isozymes, Structure, Basic Properties, and Functions

Both ISA and PUL are also members of the ’-amylase family, the GH13, like BEs.
The structural features of ISA (Katsuya et al. 1998; Sim et al. 2014) and PUL
(Vester-Christensen et al. 2010) were revealed.

The ISA protein was first purified to homogeneity from developing endosperm of
rice and shown to be in a form of ISA1 homomultimer (Fujita et al. 1999). However,
Hussain et al. (2003) discovered that potato tuber had three ISA isozymes, ISA1,
ISA2, and ISA3, and confirmed that the ISA1-ISA2 heteromer was responsible for
the ISA activity contributing to the starch synthesis in potato tuber. The results are
consistent with the previous report by Ishizaki et al. (1983) that the finally purified
ISA activity preparation from potato tuber included two protein components with
the same protein amount. Three distinct ISA genes and one PUL gene have been
identified in all green plants so far examined (Hussain et al. 2003; Rahman et al.
2003; Deschamps et al. 2008; Hennen-Bierwagen et al. 2012).

The enzymatic properties of ISA have been examined in several sources. Utsumi
and Nakamura (2006) showed that both ISA1 homomer and ISA1-ISA2 heteromer
purified from developing rice endosperm had a broad chain-length preference like
Pseudomonas amyloderamosa ISA. In contrast, the ISA from E. coli, which is
sometimes referred to as GlgX protein and can be classified as an ISA subclass, was
shown to be specific for hydrolysis of only very short chains of DP 2–4 (Dauvillée
et al. 2005). Later, Takashima et al. (2007) proved that the ISA1-ISA2 heteromer
purified from developing kidney bean had a broad chain-length preference, while
the purified ISA3 only debranched the DP 2–4 chains. Comparative analyses by
Kobayashi et al. (unpublished) also indicated that ISA-type DBE could be classified
into three types, i.e., type 1, the rice ISA1 and P. amyloderamosa ISA that could
act on any chains having various DP values; type 2, rice ISA3 and ISAs from
cyanobacteria Cyanothece sp. ATCC51142 and Synechococcus elongatus PCC7942
that had the capacity for hydrolysis of short chains of DP up to about 13; and type
3, E. coli ISA that could only hydrolyze the DP 2–4 chains.

Information on the crystal structure of plant DBEs is available for Chlamy-
domonas ISA1 (CrISA1) (Sim et al. 2014) and barley PUL (Vester-Christensen
et al. 2010). It is interesting that the homodimeric CrISA1 structure had a unique
elongated structure with monomers connected end to end, and the distinct dimeric
structure was commonly conserved in ISA1 homomer and ISA1-ISA2 heteromer at
least in green plants (Dauvillée et al. 2000; Sim et al. 2014).

The molar mechanism as to how DBE is involved in amylopectin synthesis is not
clear. This is because it is difficult to reveal the mechanism at molecular level under
the present situation where nobody has succeeded to establish the reconstituted
system for amylopectin biosynthesis in test tubes. Several ideas have been provided
to explain why DBE is needed to synthesize the cluster structure of amylopectin.
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One most likely idea is that the role of DBE is to remove the unnecessary branches
which are accidentally and rarely formed at the improper position on the cluster
chains by BE (Nakamura 2002). The reason for the hypothesis is that cleavage of
wrongly formed branches by DBE is indispensable to the cluster structure, because,
otherwise, the presence of such branches will interfere with the formation of a
bundle of double helices. This topic is further discussed below (Sect. 5.4.2).

5.3.1.4 Granule-Bound Starch Synthase (GBSS)

There are a few reports indicating the involvement of GBSS in amylopectin
synthesis such as Chlamydomonas (Delrue et al. 1992; Maddelein et al. 1994).
Rice endosperm frequently had the extra-long chains of DP> 100, which is referred
to as super-long chains (SLC) (Takeda et al. 1987a; Hanashiro et al. 2005).
Substantial evidence was provided that GBSS was responsible for the synthesis
of the long chains (Takeda et al. 1987a; Inouchi et al. 2005; Hanashiro et al.
2008). The SLC was also detected in amylopectin from many dicot and monocot
plants (see Chapter 1). It is known that the amount of SLC in amylopectin
greatly affected the quality of cereal starch, which was derived from changes in
physicochemical properties such as the setback value measured by rapid visco
analyzer (Horibata et al. 2004; Inouchi et al. 2005).

5.3.2 The Biosynthesis of Amylose

5.3.2.1 GBSS and BE

Mutants having amylose-free starch called waxy mutants have been isolated from
many plant species (Collins and Kempton 1911; Ikeno 1914; Jacobsen et al. 1989,
see reviews by Shannon and Garwood 1984 and Shannon et al. 2007), and it is
evident that GBSS was responsible for the synthesis of amylose (Nelson and Rines
1962; Murata et al. 1965; Visser et al. 1991).

There are two types of GBSS referred to as GBSSI and GBSSII or GBSSIb
encoded by two different genes and expressed in reserve tissues such as cereal
endosperm, potato tuber, and pea embryo and other tissues such as leaf, pericarp,
cereal embryo, and aleurone layers (Fujita and Taira 1998; Nakamura et al. 1998;
Tomlinson et al. 1998; Dian et al. 2003). Although assimilatory starch had a lower
amylose content than reserve starch (Tomlinson et al. 1997, 1998), it is unknown if
this was caused by the difference in enzyme features between GBSSI and GBSSII.

Denyer et al. (1999b) showed that GBSSI from pea embryo synthesized amylose
in a processive manner by adding more than one glucose residue for each enzyme-
glucan primer while SSII elongated MOS in a distributive manner, by adding only
one glucose residue to the primer chain during association of the enzyme-primer
complex. They also found that GBSSI had a much higher affinity for amylopectin

http://dx.doi.org/10.1007/978-4-431-55495-0_1
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as an effector than as a substrate, suggesting the critical feature of GBSSI for the
synthesis of amylose (Denyer et al. 1999a).

It is known that some amylose molecules from a limited number of botanical
sources so far analyzed had a branched structure with a less frequency of branches
than amylopectin (Hizukuri et al. 1981; Takeda et al. 1987b, see also Chapter 2).
Hanashiro et al. (2013) analyzed the features of branched chains in amylose
molecules. Since short side chains of amylose were not highly ordered in amylose
unlike in amylopectin, it is difficult at present to assess which BE isozyme is
involved in the synthesis of amylose branches and what the donor chains are for
providing amylose with branched chains.

5.4 Regulation and Features of the Biosynthetic Process
of Reserve Starch

During their biological evolutions, green plants have developed a metabolic system
in which the homogeneous structure of amylopectin molecules having the semicrys-
talline properties are efficiently reproduced at a high rate and immediately stored
in the form of granule inside plastids. However, the fine structure of amylopectin
changes in response to different expression levels of key isozymes involved in
amylopectin synthesis, keeping a distinct pattern of change depending on each
isozyme (Fig. 5.5), as described above. Thus, under a fixed physiological condition,
the distinct amylopectin fine structure is basically determined by the balance
between chain elongation reaction catalyzed by SS and chain branching reaction
by BE, whereas DBE merely removes the improper branches to trim the cluster
structure. How can only two kinds of reactions determine the skeleton of the highly
organized cluster structure? One possible scenario is that plants have evolved the
way by refining several combinations of interactions between different classes of
starch synthetic enzymes and the same class of isozymes. How do plants coordinate
the distinct and overlapping functions of individual isozymes during the synthesis
of amylopectin?

5.4.1 Functional Interactions Between Multiple Enzymes

So far examined, no isoforms of SS, BE, and DBE show the sigmoidal curve in
their activity changes in response to varied substrate and/or cofactor concentrations,
a typical behavior for the regulatory enzymes like AGPase (see Chap. 11). Instead,
their catalytic activities are controlled in a different way, and their activities
greatly vary depending on the types of glucans such as amylopectin, amylose,
maltodextrins, and MOS. More actually, reaction products formed by some enzymes
affect the actions of other enzymes by providing suitable substrates for their
catalysis. One of such examples is the observation that the length of branched chains
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formed by rice BEIIb was almost exclusively DP 7 or 6 (Nakamura et al. 2010) and
the major substrate chains for rice SSI and its product were chains of DP 6–7 and
DP 8, respectively (Nakamura et al. 2014). The DP 8 chain could then be elongated
to form the intermediate intra-cluster chains by SSIIa (Nakamura et al. 2005a). The
results suggest the close functional interactions among BEIIb, SSI, and SSIIa during
amylopectin biosynthesis in rice endosperm and that these interactions between
other combinations of enzymes play important roles in amylopectin biosynthesis
in reserve tissues.

A number of results provided evidences for several kinds of physical association
between enzymes while other results showed that some enzymes catalytically
interacted with other enzymes/isozymes during the synthesis of amylopectin.

5.4.1.1 Catalytic Interactions

Recently, Nakamura et al. (2012, 2014) presented evidence that rice SSI and
plastidial phosphorylase (Pho1, EC 2.4.1.1) could synthesize glucans in the absence
of added glucan primer when either BE isozyme was present (see Chap. 9 in details).
These SSI-BE and Pho1-BE interactions were established by stimulating mutual
catalytic activities and increasing affinities for substrate glucans of the counterpart
enzymes. The results might be some examples of the close catalytic interactions
among some different enzymes in starch-synthesizing tissues. It is stressed that
these interactions were realized in the presence of branched glucans or dextrins
(Nakamura et al. 2012).

5.4.1.2 Protein-Protein Interactions

Tetlow et al. (2004, 2008) showed the protein-protein complex among starch
synthetic enzymes in amyloplasts of developing wheat endosperm. It is noteworthy
that the protein phosphorylation accelerated the formation of the protein multimer
composed of BEIIb, BEI, and Pho1 as well as the BEIIb catalytic activity. The
different combinations of starch synthetic enzyme complexes were also verified in
developing maize endosperm, and the protein phosphorylation was likely to stimu-
late the functional roles of the enzymes in starch biosynthesis (Hennen-Bierwagen
et al. 2008, 2009; Liu et al. 2012a, b, also see review by Emes and Tetlow 2012).
These results strongly suggest that the heteromeric protein complexes are essentially
involved in starch biosynthesis, and this topic is described in details in Chap. 8.

5.4.2 Models for the Starch Biosynthetic Process

During the course of evaluation of key enzymes, several models for explaining the
functions of these enzymes have been proposed.

http://dx.doi.org/10.1007/978-4-431-55495-0_9
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Ball et al. (1996) proposed a model by incorporating the newly established
specific role of DBE (see Sect. 5.3.1.3) in the amylopectin synthesis by trimming the
shape of its cluster structure, and therefore this model is referred to as “the glucan-
trimming model” (Fig. 5.10a). They claim that the basic frame of amylopectin
is constructed by combined actions of SS for chain elongation and BE for chain
branching. Excess branches formed during BE reactions should be instantly cleared
off by the action of DBE (mainly ISA), because otherwise these irregularly formed
branches prevent the glucan crystallization.

Myers et al. (2000) stressed a concept that the crystallization process plays a
distinct role during the biogenesis of amylopectin crystal (Fig. 5.10b). During the
crystallization process, the removal of pre-amylopectin from the aqueous phase by
DBE reaction is needed to make the mature amylopectin inaccessible to further
enzymatic modification. This model explains the involvement of nonenzymatic
chemical (or spontaneous) behavior of glucan chains after modification by various
enzymes in the normal amylopectin biosynthetic process.

Nakamura (2002) proposed a newer model named “the two-step branching and
improper branch clearing model” to explain the contribution of each isozyme during
amylopectin biosynthesis in cereal endosperm (Fig. 5.10d), although his model
was based on the biochemical analyses of SS, BE, and DBE isozymes in rice
endosperm. This model emphasized that although interacting reactions between SS
and BE isozymes play major roles in the synthesis of amylopectin structure, two
different kinds of combinations between SS and BE isozymes play essential parts
in the synthesis of normal cluster structure in cereal endosperm and that the role
of ISA is to remove a few unnecessary branches that are spontaneously formed
by BE reactions at the less-clustered improper positions. It is conceived that a
small amount of such wrongly positioned branches is produced at regions remote
from where most of the branches are correctly and densely synthesized, and these
wrongly and dispersedly formed branches can be removed by ISA more easily than
those normally and densely formed branches. This model hypothesizes that the first
branches at the root of the cluster are mainly synthesized by BEI, eventually forming
the amorphous lamellae, and the second branches are preferentially synthesized by
BEIIb. As a result, most of the second branches are considered to be present at the
border between the amorphous lamellae and the crystalline lamellae (Fig. 5.2). The
first branched chains with the intermediate length synthesized by BEI are mainly
elongated by SSIIIa and to a lesser extent by SSIIa and SSI, while the second
branched chains with the short chain length formed by BEIIb are sequentially
elongated by SSI and SSIIa, as described above (Sect. 5.4.1.1).

Recently, the Myers’ group demonstrated a modified model that explains in more
details their ideas (Hennen-Bierwagen et al. 2012) (Fig. 5.10c). They postulated
equilibrium between crystalline and non-crystalline glucans and claimed that ISA1-
ISA2 plays a crucial role in transferring the non-crystalline disordered glucans into
the crystalline-competent glucans by eliminating some branches that hinder the
spontaneous crystallization.
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Fig. 5.10 Models for the synthesis of amylopectin. (a) The glucan-trimming model (Ball et al.
1996). (b) The glucan crystallization model (Myers et al. 2000). (c) The modified crystallization
model (Hennen-Bierwagen et al. 2012). (d) The two-step branching and improper branches
clearing model (Nakamura 2002) with a slight modification
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Until now, no consensual model applicable for many plant species and tissues
has been reported yet. A new model incorporating novel experimental results and
ideas is waiting to be proposed.

5.4.3 Features of the Biosynthetic Process of Reserve Starch

5.4.3.1 Starch Biosynthesis and Its Degradation

For the most part the starch synthetic process is distinctly segregated from the
degradation process. Classes and/or types of enzymes involved are almost different
in both processes from each other, and especially in reserve organs, the timing
of operation of each process is distinctive. Nevertheless, in several aspects, both
processes are considered to be closely related. There are some direct and indirect
evidences for the involvement of other enzymes besides SS, BE, and DBE in the
starch biosynthesis in reserve tissues. At least some hydrolase, phosphorylase (Pho),
and transglucosidase-type enzymes, which have been considered to play major roles
in starch degradation, are highly expressed in tissues exhibiting vigorous starch
production.

In spite of the high expression levels of Pho1 in reserve tissues from many
plant species in accordance with the increase in their starch production, the in
vivo function of Pho1 is still a matter of controversy. The Pho1 reaction is freely
reversible and Pho1 itself can catalyze either the glucan synthetic or the degradable
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direction. However, the mutations at the Pho1 locus caused a severe reduction of
starch biosynthesis in Chlamydomonas (Dauvillée et al. 2006) and rice endosperm
(Satoh et al. 2008), strongly suggesting that Pho1 is involved in starch biosynthesis.
Several reports have supported this idea. First, Fettke et al. (2010a, 2012) showed
that G1P was efficiently and directly incorporated into reserve starch granules
in potato tuber cells, suggesting the G1P pathway functions in parallel with the
authentic AGPase pathway in starch biosynthesis. Second, Hwang et al. (2010)
proved that rice Pho1 could elongate MOS to be used by SS in the glucan synthetic
direction even under physiological conditions of high Pi/G1P concentrations. Third,
Nakamura et al. (2012) showed the catalytic interaction in glucan synthesis between
rice Pho1 and BE in the omission of added glucan primer, as described above. All
these results support the view that Pho1 plays a critical role in starch biosynthesis
as well as starch degradation.

It was reported that plastidial disproportionating enzyme (DPE1, EC 2.4.1.25)
was involved in amylopectin biosynthesis in Chlamydomonas reinhardtii (Colleoni
et al. 1999a, 1999b; Wattebled et al. 2003), although the contradictory results that
DPE1 had no direct role in starch biosynthesis in Arabidopsis leaves were shown
(Critchley et al. 2001).

The potential involvement of the chloroplastic ’-amylase (EC 3.2.1.1) in the
synthesis of phytoglycogen in Arabidopsis leaves under the condition where all
DBE activities were lacking was reported by Streb et al. (2008). The authors
hypothesized that SS and BE can basically synthesize starch-type glucans while
DBE is indirectly involved in the synthesis (Zeeman et al. 2010). They explained
that the role of DBE is to facilitate the crystallization of glucans by removing
wrongly positioned branches because otherwise the glucan-degrading enzymes such
as ’-amylase can easily attack these untrimmed glucans. As a result, in the absence
of DBE, the glucans unusually have very short chains of DP � 5, which results in
the formation of WSP.

It should be taken into account that a significant amount of MOS is liberated
during the process of trimming of amylopectin cluster by DBE, and this MOS should
be recycled into the synthetic process. Under physiological condition, most of its
glucose residue must be recovered for the biosynthetic process to maintain the high
yield of starch production from sucrose. In fact, the level of MOS is usually low
in in vivo conditions, although the metabolic process involved in the fate of MOS
during starch synthesis has not been fully examined. Besides the four major classes
of starch synthetic enzymes (AGPase, SS, BE, and DBE), several types of enzymes
presumably play distinct roles in this process. Initially, MOS can be easily degraded
until it becomes the length of DP4 by Pho1 to form G1P. In addition, glucose
and maltose can be generated by DPE1, ’-amylase, and “-amylase (EC 3.2.1.2)
from MOS, and this glucose will be converted to G1P by hexokinase and PGM.
G1P will be again used by AGPase to form ADPglucose which enters the starch
synthetic process via the ADPglucose pathway. The role of DPE1 is specific because
it disproportionates the original MOS ranging from much smaller including glucose
and maltose to larger MOS, which eventually makes MOS more easily metabolized
by hexokinase for glucose and Pho1 and amylases for larger MOS.
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All these results lead us to a conclusion that Pho1, DPE, and amylases have dual
functions in both the synthesis and degradation of starch granules under various
physiological and genetic conditions.

5.4.3.2 Factors Causing Damage to the Cluster Structure

The basic cluster structure of amylopectin is highly conserved even in the mutants
whose chain-length profiles are profoundly modified by lesion of any SS, BE, and
DBE isozymes. So far examined, six factors are known to be able to change the
reserve glucans devoid of the cluster structure, although most of these factors were
already stated above (Sect. 5.3.1). First, loss of ISA activity caused phytoglycogen
production instead of amylopectin. Second, overexpression of ISA2 gene also
resulted in phytoglycogen synthesis by bereaving the ISA1 homomer in rice
endosperm because all the ISA1 proteins formed the ISA1-ISA2 heteromer that
had no or little trimming activity for the synthesis of normal amylopectin at least in
rice and maize endosperm. Third, excess of BEIIb activity inhibited the formation
of organized branches and resulted in the synthesis of WSP in rice endosperm
(Tanaka et al. 2004) (Fig. 5.11). Fourth, Lin et al. (2012) showed that when activities
of both SSIII and ISA1 or ISA2 were defective in maize, phytoglycogen was
produced in the endosperm. The close correlation between ISA and SS activities in
starch/WSP accumulation was also found in Arabidopsis leaves (Pfister et al. 2014).
Fifth, the mutation of rice Sugary-2 gene led to WSP synthesis especially at early
stage of the endosperm development (Nakagami et al. unpublished) (Fig. 5.11),
although the gene was recently mapped on the rice genome position different from
any DBE genes (Nakamura T et al. unpublished). Sixth, ’-amylase removed the
capacity of Arabidopsis for the synthesis of starch-type glucan in the leaf when its
ISA activity was lost (Streb et al. 2008), as described above.

In summary, the activity of ISA is likely to be the primary factor in the prevention
of phytoglycogen production. In addition, balance of activities between multiple
enzymes such as between ISA1 and ISA2, SSIII and ISA, BEIIb and SS, and
DBE and ’-amylase might be important for the synthesis of starch-type glucans,
although comprehensive and more precise biochemical analyses are needed to draw
the conclusion.

5.4.3.3 Minimum Sets of Enzymes Required for Construction
of the Cluster Structure

It is known that in addition to green plants, some primitive algae including
cyanobacteria, grey algae, and red algae could produce starch-like granules,
although their amylopectin had less organized cluster structure than higher plant
amylopectin and hence it is usually referred to as semi-amylopectin (Nakamura
et al. 2005b; Deschamps et al. 2008; Shimonaga et al. 2008; Sawada et al. 2014,
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Fig. 5.11 Mutants and transformants producing water-soluble polysaccharide-(WSP)-type glu-
cans in the rice endosperm. (a) Cross-section of rice kernels: wild-type (WT), a sugary-1 (isa1)
line, an ISA2 overexpressed (ISA2-OX) line, a sugary-2 (isa2) line. (b) Seed morphology of rice
transformants with different expression levels of BEIIb in which the normal rice BEIIb gene was
introduced into a be2b mutant line (EM10) (see details by Tanaka et al. 2004). Note that the BEIIb
overexpressed line (BEIIb-OX, #1-1), the mature seed became shriveled due to accumulation of
water-soluble polysaccharides. (c) Scanning electron micrographs of glucan granular morphology
in endosperm of the ISA2 overexpressed line (Utsumi et al. 2011), a sugary-2 mutant line
(Nakagami et al. unpublished), and the BEIIb overexpressed line (Tanaka et al. 2004) of rice (See
text in details)

also see review by Colleoni and Suzuki 2012 and Chap. 4). Compared with a
marked differentiation of starch synthetic enzymes into multiple isozymes in green
plants, no significant differentiation in the glucan-metabolizing enzyme genes was
found in the starch-synthesizing primitive algae. Some semi-amylopectin producing
cyanobacteria such as Crocosphaera watsonii had three SS gene, three BE genes,
and one ISA gene (Patron and Keeling 2005; Deschamps et al. 2008; Ball et al.
2011). Cyanidioschyzon merolae had one SS gene, one BE gene, and two ISA
genes, and another unicellular red alga Porphyridium purpureum having one SS

http://dx.doi.org/10.1007/978-4-431-55495-0_4
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gene, two BE genes, and one ISA gene (Coppin et al. 2005; Patron and Keeling
2005; Deschamps et al. 2008; Ball et al. 2011; Bhattacharya et al. 2013) could also
synthesize semi-amylopectin (Hirabaru et al. 2010; Shimonaga et al. 2006, 2008). It
is also known that many mutant and transformant lines prepared from higher plants
having a single major SS isozyme, BE isozyme, or ISA1 out of corresponding
multiple isozymes could also produce starch-like glucans (Tetlow 2012; Fujita and
Nakamura 2012; Hennen-Bierwagen et al. 2012).

All these results indicate that the presence of multiple isozymes in each class of
starch synthetic enzymes is not an absolute requirement for the synthesis of starch.
Rather, it is likely that multiple isozymes enable plant tissues to efficiently produce
starch under varying physiological and environmental conditions by giving them
differentiation in capacities for production of various types of tissue- and species-
specific starches with refined structural features.

5.4.3.4 Reactivity and Binding Affinity of Starch Biosynthetic Enzymes
Toward Glucans

During the starch synthesis, the fine structure of glucan molecule changes in every
step of consecutive reactions involved in numerous starch synthetic enzymes. How
can each isozyme act correctly on the exact glucan substrate by selecting it among
various structures of glucans simultaneously formed by many other enzymes?
Biochemical in vitro studies showed that SS and BE recognized the length of
external segments of A- and B-chains (Guan et al. 1997; Commuri and Keeling
2001; Nakamura et al. 2010, 2014; Sawada et al. 2014), although some BE isozymes
such as BEI could also attack the internal segments of B2- and B3-chains to some
extent (Nakamura et al. 2010; Sawada et al. 2014). It was also established that
SS and BE were much more preferentially reactive toward branched glucans than
linear MOS and dextrins/glucans (Nakamura et al. 2010, 2014 and many references
therein), suggesting that the actual glucan substrates for SS and BE during in vivo
starch synthesis are the dual parallel chains or the double helical chains, respectively,
of the branched glucans/dextrins, as proposed by Borovsky et al. (1979) for BE.
Recently, it was found that SSI from rice (Nakamura et al. 2014) and SS from
Arabidopsis (Brust et al. 2014) could efficiently synthesize glucans by interacting
closely with BE isozymes, possibly forming the protein complex, in the absence of
added primer as found in the interaction between Pho1 and BE (Nakamura et al.
2012). It is noted that these interactions were mediated by branched glucans, but not
by linear glucans (Nakamura et al. 2012; Brust et al. 2014). These results strongly
suggest that at least SSI, BEs, and Pho1 can closely interact with their counterparts
including many types of glucans varied under different physiological conditions.
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5.5 Future Perspectives for Research on the Biosynthesis
of Reserve Starch

5.5.1 Major Subjects Unresolved

Despite huge amounts of biochemical, molecular, genetic, physicochemical, and
structural studies as well as theoretical analyses and proposals for long time, we
have to admit that there are still a lot of important subjects related to starch
biosynthesis remaining unresolved.

First, how is the cluster structure constructed, especially how the length of single
cluster is made constant? Concomitant with analytical studies on the enzymatic
reaction mechanisms, the minimum requirements of the glucan fine structure needed
for construction of the cluster should be defined (see Chap. 1).

Second, although currently the most conventional method for determination of
the fine structure of glucans is to measure their chain-length distributions by HPLC
or capillary electrophoresis, the method only measures the proportion of component
chains of the glucan, but neither method can give any information on the position
of branches. However, it is much more important to know the localized positions of
branched chains and the lengths of internal segments of chains than to simply know
the chain-length distribution of the glucan.

Third, how are the protein-protein multimeric structures related to their specific
functions? Further analytical data are needed to clarify the mechanism for the
actions of multimeric structure and to reveal the extent of involvement of enzyme
interactions in starch biosynthesis.

Fourth, in which way do the enzymes interact with glucans? Starch biosynthetic
enzymes are known to closely interact with environmental glucans in different
ways, and some of them such as GBSS, BEIIb, and SSI were tightly and lightly
bound to starch granules at different proportions while others such as DBEs were
almost exclusively soluble in the stroma compartment. However, since enzymes
were usually non-covalently associated with carbohydrates, it was difficult to
elucidate the mechanism on how the bindings of enzymes to glucans influenced
their functions/activities. The mechanism on how the carbohydrate-binding module
(CBM) present in GH13 family enzymes (Janeček et al. 2011) and SSIII (Schwarte
et al. 2013) relates to their enzymatic actions awaits resolution.

Fifth, how are enzymes related with glucan granule morphology? There have
been some reports showing that some enzymes were even present in specific
plastid membrane spaces and compartments, e.g., SSIIIa, SSIVb, GBSSI, and ISA3
(Gámez-Arjona et al. 2011; Yun et al. 2011; Kawagoe 2013; Toyosawa et al.
2015). It is likely that they play important roles in the starch granule initiation,
development, and morphology, as well as in the conventional starch biosynthetic
process, although the mechanisms as to how they are involved in these events remain
to be elucidated.

http://dx.doi.org/10.1007/978-4-431-55495-0_1
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5.5.2 Diversity of Regulation of Starch Biosynthesis Among
Plant Species and Pleiotropic Effects

Notably it is known that relative activities of major SS isozymes greatly differed
among plant species and this affected the species-specific structural and functional
features of starch (Edwards et al. 1999b; Fujita and Nakamura 2012). For example,
SSI was a major component of the total SS activity in the endosperm of maize
(Cao et al. 1999), rice (Fujita et al. 2006), and Arabidopsis leaf (Delvallé et al.
2005; Zhang et al. 2005), but not in pea embryo (Craig et al. 1998) and potato
tuber (Marshall et al. 1996) where SSII and SSIII, respectively, accounted for
the bulk activity of SS. The results might support the variation on the mode of
amylopectin chains synthesized through concerted actions of different combinations
of SS isozymes and/or other synthetic enzymes such as BE and DBE depending on
the plant species and tissues.

BEII is differentiated into distinct BEIIa and BEIIb isozymes in cereals, but not
in dicots. In maize and rice endosperm, the specific chain preference of BEIIb was
likely to be one of the strongest determinants of starch properties, and this role could
not be supplemented by BEIIa (Nishi et al. 2001; Klucinec and Thompson 2002;
Yao et al. 2004; Butardo et al. 2011). In contrast, the implication of BEIIa was
more significant than BEIIb in wheat and barley endosperm (Regina et al. 2005),
while loss of both BEIIa and BEIIb showed much more profound effects on starch
structure than that of only BEIIa (Regina et al. 2006, 2010; Sestili et al. 2010). The
results suggest that in wheat and barley, the functions of BEIIa and BEIIb largely
overlap, whereas in rice and maize, BEIIb has a distinct role in starch biosynthesis.
It is likely that the difference in contribution of BEIIa and BEIIb was not merely due
to the relative activity of BEIIa to BEIIb because in rice endosperm their activities
were at the same level (Yamanouchi and Nakamura 1992) and the distinct role of
BEIIb was evident even if it had lower activity levels compared to the BEIIa (Tanaka
et al. 2004). In addition, the silencing of the BEIIa gene profoundly influenced the
amylose content and starch granule morphology in wheat and barley (Regina et al.
2006, 2010), while the be2b mutation had a minor impact on amylose content in rice
(Nishi et al. 2001; Butardo et al. 2011). Remarkably, Carciofi et al. (2012) succeeded
to produce amylose-only starch in barley endosperm by silencing all the BE genes.
The impact of BEIIb/IIa gene on amylose content in maize was more similar to
wheat and barley than rice because maize ae starch contained high amylose content
(Li et al. 2008). Starch phenotypes of be2b (ae) mutants were considerably different
between maize and rice (Banks et al. 1974; Baba et al. 1982; Nishi et al. 2001; Li
et al. 2008). These results indicate that BEIIb exhibited a great variation in terms of
its distinct function and expression level in cereal endosperm among species.

The roles of ISAs, their presence and composition, and their contributions to
starch biosynthesis were dramatically different depending on plant species and
tissues (Hennen-Bierwagen et al. 2012; Facon et al. 2013). One example is that the
complete loss of ISA1 gene caused most cells to synthesize both starch-type glucans
and WSP in many plant sources, while starch was completely replaced by WSP in
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rice endosperm (Nakamura et al. 1997) and Chlamydomonas (Mouille et al. 1996),
although the exact reason remains to be clarified.

Several reports showed that multiple forms of some enzymes such as SSI (Baba
et al. 1993) and BEIIa (Yamanouchi and Nakamura 1992) in rice endosperm, BEI
in wheat endosperm (Båga et al. 2000), and BEII from kidney bean (Hamada et al.
2002) were generated from a single gene by transcriptional or posttranscriptional
regulation and/or modification. However, the physiological significances of multiple
forms of the same enzymes were unclear.

There are ample evidences showing the pleiotropic effects of losses of some
enzymes on the enhancement or reduction on the levels of other enzymes (Sestili
et al. 2010 and references therein). These suggest the presence of some factors which
integrate the expression and amounts of numerous genes and proteins involved
in starch metabolism and the close interrelation via protein-protein and protein-
glucan interactions. The effects were possibly caused by many reasons at various
levels. Recently, the specific and complex relations were found in protein levels
and presence (e.g., binding to starch granules) among SSI, SSIIIa, BEI, and BEIIb
in rice endosperm using various SSI-BE (Abe et al. 2014) and SSIIIa-BE (Asai
et al. 2014) double mutants (see Chap. 10 in details), although some of them
might have been caused by effects on association of protein complex among them
in maize endosperm reported by Liu et al. (2012a, b). The molecular mechanism
and physiological significance for some pleiotropic effects will be elucidated in the
future.

5.5.3 New Approaches and Techniques Required

A number of new approaches will help us to understand the regulatory mechanisms
for starch biosynthesis. First, a new practical method to determine the branch
position in glucan chains should be established. This would give new insights
into the possible roles of enzymes in determining the distribution and location of
branches in amylopectin (Xia et al. 2011). Hizukuri (1996) proposed the enzymatic
method for determination of the average span length and the average number of
’-1,4-linkages between the nearest branch linkages, by calculating the number of
glucosyl stubs of the B-chains treated with a sequential hydrolysis by “-amylase,
isoamylase, and “-amylase. Usui et al. (2009) established a method for measuring
directly the ’-1,6-glucosidic linkages and the ’-1,4-linkages along with MOS
by negative ion Q-TOF MS/MS spectrometry method. However, a new standard
method to determine exactly the position of ’-1,6-linkages of glucans needs to be
developed.

Second, methods to establish a reconstituted system to synthesize glucans with
the cluster structure by in vitro enzymatic reactions are desirable. So far, no attempts
have been successful to synthesize glucans having the cluster structure by in vitro
reactions, whereas it is easy to synthesize glycogen-type glucans in test tubes in the
presence of SS and BE. Since the use of readily available glucans composed of a

http://dx.doi.org/10.1007/978-4-431-55495-0_10
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mixture of chains with different lengths does not lead to a clear conclusion regarding
characteristics of the enzyme, the choice of appropriate glucan primers with known
structural features and lengths of component chains which are chemically and/or
enzymatically prepared and the appropriate combination of candidate enzymes
might be essentially important.

Third, factors which potentially integrate the starch biosynthetic process in plant
tissues (She et al. 2010; Wang et al. 2013; Peng et al. 2014) need to be fully
characterized. The use of transgenic lines carrying various types of constructs
might provide important insights into the subject, because multiple candidate
gene functions can be simultaneously modified by using, for example, the RNAi
technology.
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